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Supporting Information

In this supplementary material more information is
provided about the computational details, the genera-
tion and testing of PAW potentials for Og, as well as on
the calculation of the theoretical best estimates. Input
and output files of all shown VASP calculations (includ-
ing POTCARs) can be provided upon request from one
of the authors (JMM). POTCARs are also available for
download in the supplementary material of ref. 1.

Details on Employed PAW Potentials — Core elec-
trons are modeled using the projector-augmented wave
(PAW) approach of Joubert and Kresse.?3 The respec-
tive POTCAR files containing the PAW parameters are
taken from the VASP library for He—Rn. For He—Xe, the
Element_GW POTCARS are used, which have 2 valence
electrons (VE) for He and 8 VE for Ne. For Xe, Rn and
Og, most calculations employ the intermediate Rd_d_GW
POTCARs which additionally include the semi-core d'°
shell (18 VE). Here, we additionally consider the PAWs
with the largest valence-space available (Element_sv_GW
POTCARs) which also include the semi-core s and p
shells (26 VE, 6526p°6d'°7s27p5 valence space). For Og,
for which no POTCAR files are available in the library,
new POTCARs were devised using the same basic struc-
ture as for Rn (PAW approach, PBE all-electron calcu-
lation, 18 and 26 VE).

PAW generation and evaluation for Og — This
was accomplished using the pseudo-potential (PP) gen-
eration package of VASP and the PBE functional for the
atomic all-electron calculation.*® Since the POTCAR
generation package of VASP only allows for a scalar-
relativistic treatment of the valence space, which leads
to unacceptable errors for the spin-orbit splitting of the
7p shell in Og, the parameters for POTCAR were further
refined to match the one-particle energies of the immedi-
ate valence space (7p, 8s) from an atomic calculation with
VASP to a four-component 4c-PBE/dyall.d-aug-ae3z ref-
erence calculation conducted with DIRAC-17.6 This was
particularly successful for the 18VE PAW, which in
turn provides excellent agreement with the 4c-PBE all-
electron reference for the one-particle energies (absolute
AFEq7, 85 = 0.1 eV, relative AAE7,_gs = 0.03 eV, cf. also
Table I), as well as a reasonable agreement for the dis-
tance in the Og dimer (r2F = 4.37 A, r18VE =434 A). In
further tests, both the 18 and 26 VE POTCARSs (in com-
bination with the SCAN, PBEsol and PBE-D3BJ func-
tionals) were shown to accurately reproduce the struc-
tural parameters, bulk moduli and cohesive energies ob-
tained from a many-body expansion based on relativistic
coupled-cluster results.”

Small vs large valence space PAWs — Although
the small-core 26 VE PAW provides slightly improved
bulk properties and a better dimer distance (r26VE =
4.38 A) for Og, the agreement for the one-particle ener-
gies with the all-electron reference is significantly worse.
In particular the spin-orbit splitting of the 7p level, which

TABLE I. Comparison of the single-particle (valence-orbital)
energies of the Og atom calculated at the 4c-PBE/dyall.d-
aug-ae3z (AE) level of theory to the values obtained at the
spin-orbit relativistic PBE level with VASP using the 18 VE
and 26 VE PAW potentials.

Orbital| AE 18VE (A) 26VE (A)
7s | —27.08 —27.48 (—0.40) —28.74 (—1.66)

Tprja |—14.69 —14.61 (+0.08) —11.22 (+3.47)
Tpsjs | —5.49 —5.40 (+0.09) —5.62 (—0.13)
8s | —1.37 —1.26 (+0.11) —1.35 (—0.02)

has been found to be critical for the band gap, is too
small with the 26 VE PAW, as evident from the too
high energy of the 7p; /o level (c¢f. Table I). Accord-
ingly, also the 7p; /o — 7p3/2 splitting of solid Og at the
GW/PBE and DFT/SCAN levels is significantly smaller
with 7.5 eV and 7.0 eV, compared 12.2 eV and 10.1 eV
with the 18 VE PAWs (all at the I'-point), and the lat-
ter values are in better agreement with the high-level
reference of 10.1 eV.!7 Taken together with the dis-
tinctly better agreement of the GW/PBE/8VE calcu-
lation with the experimental value for Xe compared to
the GW /PBE/26VE value (¢f. Table IT and Figure 3
main article), which becomes even worse if more bands
are included (40.8 eV for 256 bands), this leads us to
the conclusion the smaller valence spaces provides more
accurate band gaps for Xe—QOg. Whilst this needs to be
investigated further, we exclusively focus on the results
obtained with the smaller valence space in the main arti-
cle, and consider the large-core results here for the sake
of completeness. Apart from that, the most important
outcome of this investigation, namely that Rn is an insu-
lator and Og a semiconductor, is the same for the band
gaps obtained with the 26 VE PAWSs.

Details on GW calculations GW calculations are
conducted in the quasi-particle approximation iterating
energies as well as wavefunctions and including diagonal
and off-diagonal elements as implemented in VASP 5.4.4.
(ALGO=QPGW). The reported values are the result of
five GW iterations, after which the band gaps are reason-
ably converged (last step AE, < 0.02 eV). Starting point
for the GW iterations are tightly converged DFT/PBE
(and DFT/SCAN) calculations. Surprisingly, the bet-
ter performance of SCAN in the DFT formalism does
not translate into a better agreement at the GW /SCAN
level. Instead, the band gaps are very systematically too
large by about 1—2 eV, showing almost exactly the same
evolution along the group as GW /PBE. The GW /SCAN
results are therefore not considered in the main article.
For (Ne—Xe) we use experimental and for Rn and Og
high-level theoretical structures. Using DFT/SCAN or
DFT/PBE-D3BJ optimized structures yields very sim-
ilar results (AE; < 0.1 eV) except for Rn, where the



TABLE II. Calculated and available experimental structural parameters, electronic band gaps E4 (in eV, at the I'-point) and
lowest atomic excitation energies AE (in eV) of the Ne—Og. Scalar-relativistic values are set in parentheses (GW and PBE
only), and calculations with the larger 26 electron valence-space are marked 26VE. = Note that part of the differences between
the SR and spin-orbit relativistic GW calculations for the lighter elements are due to a technical issue, rendering them too
large. These differences are more accurate at the DFT/PBE level. Experimental data for electronic band gaps taken from.®

The value for Ne varies (21.4 — 21.7 €V) depending on the source,

910 see ref. 11 for an overview. Atomic excitation energies

AE (in eV) for Ne to Xe are from experiment,'? and from FS-CCSD calculations for Rn and Og.

Ry E, AE
Atom |exp (calc) | exp  GW (SR) GW 26VE (SR) PBE (SR) SCAN HSE06| exp calc
Ne 3.1564% |21.51 21.20 (21.36) - 11.50 (11.54) 12.84 14.32 [16.610 -
Ar | 3.7478" |14.15 14.08 (14.35) - 8.61 (8.67) 9.44 10.29 |11.548 -
Kr 4.009° |11.61 11.64 (12.13) - 7.04 (7.27)  7.80 848 |9.915 -
Xe | 43358 | 9.32  9.29 (9.99)  9.85 (10.58)  5.80 (6.23) 6.47 6.98 | 8.315 8.390
Rn | (4415)° | -  6.90 (8.37)  7.33(8.83)  3.71 (4.82) 440 474 | 6.772 6.769
Og | (4.396)° | -  1.22(4.92)  2.37(5.66) <0.01(3.28) 028 044 | -  4.205

@ Ref. 13. ® Ref. 14. ¢ Ref. 15. ¢ Ref. 16. © Estimated from relativistic coupled-cluster calculations.”

influence is somewhat larger with 0.4 eV.

In general, all calculations are conducted with a

k-point grid of 63, and only the final GW/PBE calcu-
lations are conducted with a finer 72 grid. Exploratory
calculations for Og and Ne with an 8% grid indicate
convergence with respect to the number of k-points
(AE, < 0.02 eV). Already the difference between 63
and 73k-points is small (< 0.03 eV) for all elements but
Og, for which it amounts to about 0.1 eV. The energy
cutoff is set at 300 eV, where exploratory calculations
with 400 eV for Rn and Og indicate convergence
(AE; < 0.01 eV). The lowest 128 bands are included
for He—Xe, and the lowest 256 bands for Rn and Og.
Exploring convergence with respect to the number bands
with the reduced 63k-point grid shows that including up
to 512 bands has a notable influence of 0.1 — 0.2 eV on
the band gaps of Rn and Og. However, since inclusion
of this many bands with the highest k points grid leads
to prohibitively expensive calculations, we include their
influence in the best estimates by extrapolating to an
infinite number of included bands.
Theoretical best estimates for band gaps — Our
theoretical best estimates constitute a compromise
between the convergence of the level of theory on
one hand, and on the other the observation that for
the lighter congeners, not the highest but a specific
level provided the best agreement with experimental
data, namely GW /PBE with 128 included bands and
the smaller valence space. Hence, to obtain balanced
theoretical best estimates, we focus on the calculations
with the smaller valence space, explicitly include the
convergence of k-points and number of included bands,
but set the error-bars such that the lo-range just in-
cludes the results obtained with 128 bands (Rn 6.64 eV,
Og 1.00 eV). Doing so leads to the final estimates of
7.1+ 0.5 eV for Rn and 1.5+ 0.6 eV for Og.

Atomic excitation energies — The transitions char-
acterizing the atomic excited states displayed in Fig-

TABLE III. Convergence of the band gaps of Rn and Og
with respect to k-points, energy cut-off and number of bands
included in the GW calculations. All results obtained with
the smaller 18 VE PAWs. Extrapolation to infinite bands
corresponds to the x-intersection of a plot of the last three
values against 1/(N?).

Level Xe Rn Og
K666, E300, N, 128 9.26 6.64 0.88
K666, E300, N, 196 - 6.80 1.02
K666, E300, N, 256 9.50 6.90 1.10
K666, E300, N, 384 - 7.01 1.23
K666, E300, N, 512 - 7.09 1.27
extrapol.(256,384,512) - 7.14 1.33
experiment 9.30 - -

K666, E300, N, 256 9.26 6.90 1.10
K777, E300, Ny 256 (main)|9.27 6.90 1.22
K777, E300, N 128 9.26 6.73 0.86
K888, E300, Ny 128 - - 0.88
K666, E300, N, 196 - 6.78 1.02
K666, E400, N, 196 - 6.78 1.01

ure 2 are He: Sp(1s%) — 381/150(1s'2s!), Ne—Og:
1So(p®) — 3Py12/'Pi(p°st). To obtain atomic exci-
tation energies, we used the Fock-space coupled clus-
ter module including single and double excitations (F'S-
CCSD) of DIRAC-17,519 utilizing the X2Cp,m¢ Hamil-
tonian with the Gaunt term included together with the
dyall.adcv basis set .2%2! In the coupled cluster calcula-
tions, all electrons and virtual orbitals up to 816.3 eV
(30.0 a.u.) were included in the correlation treatment.
The results are summarized in Table IV in comparison
to numerical Dirac-Hartree-Fock-Breit (DHFB) results
obtain from a modified version of program GRASP to



TABLE IV. Atomic excitation energies 'So[np®] —
Jnp®(n+1)s'] (in eV). Other results: For Xe and Rn exper-
imental results from Ref. 12, for Og calculated CIPT results
from Lackenby et al. are taken.'®

Atom | J-level DHFB|FS-CCSD| FS-CCSD other
+QED| +Gaunt |+Gaunt+QED

Xe 2 9.60 8.39 8.40 8.32
1 9.72 8.54 8.54 8.44
0 1091 9.66 9.66 9.45
1 10.97 | 9.75 9.76 9.57

Rn 2 6.33 6.77 6.78 6.77
1 6.52 6.98 6.98 6.94
0 |1022| 10.88 10.89 [10.66]*
1 10.29 | 10.89 10.90 [10.79]*

Og 2 4.64 4.20 4.22 4.20°
1 5.16 4.62 4.63 4.55°
0 | 1544 | 14.24 15.44 -
1 15.51 | 14.35 15.51 -

@ Estimated experimental value. * CIPT results from
Lackenby et al..'®

account for QED effects 2223 In both cases QED effects
were taken into account from a perturbative treatment
at the DHF level using the self-energy effective opera-
tor of Flambaum and Ginges and the vacuum polariza-
tion from an Uehling potential plus higher order terms
(Kéllen-Sabry) corrections.?* We notice that if spin-orbit
coupling becomes large, many other transitions from the
valence p3/7 shell into vacant nlj shells become energet-
ically more favorable compared to transitions out of the
valence pi /o shell. This already happens for Rn,'? and
even more so for Og.'®
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